α-N-terminal methylation represents a highly conserved and prevalent post-translational modification, yet its biological function has remained largely speculative. The recent discovery of α-N-terminal methyltransferase 1 (NTMT1) and its physiological substrates propels the elucidation of a general role of α-N-terminal methylation in mediating DNA-binding ability of the modified proteins. The phenotypes, observed from both NTMT1 knockdown in breast cancer cell lines and knockout mouse models, suggest the potential involvement of α-N-terminal methylation in DNA damage response and cancer development. In this study, we report the first crystal structures of human NTMT1 in complex with cofactor S-adenosyl-L-homocysteine (SAH) and six substrate peptides, respectively, and reveal that NTMT1 contains two characteristic structural elements (a β hairpin and an N-terminal extension) that contribute to its substrate specificity. Our complex structures, coupled with mutagenesis, binding, and enzymatic studies, also present the key elements involved in locking the consensus substrate motif XPK (X indicates any residue type other than D/E) into the catalytic pocket for α-N-terminal methylation and explain why NTMT1 prefers an XPK sequence motif. We propose a catalytic mechanism for α-N-terminal methylation. Overall, this study gives us the first glimpse of the molecular mechanism of α-N-terminal methylation and potentially contributes to the advent of therapeutic agents for human diseases associated with deregulated α-N-terminal methylation.
Post-translational modifications (PTMs) of proteins during or after their synthesis contribute to the functional diversity and dynamics of the human proteome through regulating protein three-dimensional (3D) structure, stability, activity, localization, and interaction with other cellular molecules, including proteins and nucleic acids. PTMs can occur on both the amino acid side chains and backbones of proteins, often by covalent attachment of functional groups such as the methyl group. α-N-terminal methylation is a ubiquitously present PTM that involves the methylation of the α-amino group of the newly exposed N-terminal amino acid following cleavage of the initiating methionine. Although α-N-terminal methylation was first identified almost 40 years ago (Brosius and Chen 1976; Wittmann-Liebold and Pannenbecker 1976; Stock et al. 1987) and is conserved from prokaryotes to humans, its function remains elusive and comparatively underexplored. α-N-terminal methylation has been hypothesized to regulate protein stability via N-end rule pathways or mediate protein-protein interactions (Tooley and Schaner Tooley 2014) . Intriguingly, α-N-terminal methylation was recently found to mediate protein-DNA interactions between chromatin and regulator of chromatin condensation (RCC1) (Chen et al. 2007; Hitakomate et al. 2010) , potentially through the positively charged and exhaustively methylated N terminus of RCC1. RCC1 is the only known guanine nucleotide exchange factor for the Ran GTPase, which plays indispensable roles in nucleocytoplasmic transport, mitosis, and nuclear envelope assembly (Chen et al. 2007 ). Notably, α-N-terminal methyltransferase 1 (NTMT1/ NRMT1/METTL11A) catalyzes the N-terminal methylation of RCC1, representing a novel regulatory mechanism for the Ran GTPase activity (Tooley et al. 2010; Webb et al. 2010) . Abrogation of N-terminal methylation of RCC1 by mutations or knockdown of NTMT1 significantly diminishes the binding ability and association of RCC1 to chromatin and causes spindle pole defects and aberrant mitosis, underlining the functional significance of NTMT1-mediated α-N-methylation in mitotic spindle assembly and chromosome segregation (Chen et al. 2007 ).
In addition to RCC1, several other proteins are subject to α-N-terminal methylation (Webb et al. 2010) , including retinoblastoma protein RB1 and SET (Tooley et al. 2010) , damaged DNA-binding protein 2 (DDB2) (Cai et al. 2014) , centromere H3 variants CENP-A/B (Bailey et al. 2013; Dai et al. 2015) , Drosophila H2B (Villar-Garea et al. 2012) , and poly(ADP-ribose) polymerase 3 (Dai et al. 2015) , while data bank analysis of NTMT1/2's consensus sequence predicts the existence of potentially >300 targets for α-N-terminal methylation (Tooley and Schaner Tooley 2014) . NTMT1 is responsible for the α-N-terminal methylation of DDB2 in response to the generation of UV-induced cyclobutane pyrimidine dimers (Cai et al. 2014 ). This methylation of DDB2 promotes its recruitment to form foci at the sites of DNA damage and facilitates nucleotide excision repair, possibly indicating a role of NTMT1 in the DNA damage response (DDR) network (Cai et al. 2014) . Moreover, knockdown of NTMT1 leads to hypersensitivity of breast cancer cell lines to both etoposide and γ-irradiation treatments, further suggesting NTMT1 as a component of DDR (Bonsignore et al. 2015a) . Interestingly, NTMT1 knockout mice suffer a high mortality rate shortly after birth and exhibit premature aging and phenotypes characteristic of mouse models deficient for DDR molecules, indicating the biological significance of NTMT1 in vivo (Bonsignore et al. 2015b ). Additionally, NTMT1-mediated α-N-methylation of CENP-B promotes its binding to centromeric DNA (Dai et al. 2015) . Overall, the above findings highlight a general and important role of NTMT1-mediated α-N-methylation in facilitating interactions between methylated target proteins and DNA.
Although some progress has been made in the field of α-N-terminal methylation, many questions remain to be answered. For instance, why does NTMT1 specifically carry out the α-N-terminal methylation, and what is the catalytic mechanism? Given that the majority of known physiological substrates of NTMT1 contains an XPK (X = S/P/A/G) N-terminal sequence, what is the structural basis for the requirement of this consensus sequence, and is there any residue tolerance along the N-terminal consensus sequence? In an effort to address these questions, we determined the X-ray crystal structures of human NTMT1 in ternary complexes with its cofactor product (S-adenosyl-L-homocysteine [SAH] ) and six different hexapeptides as substrates, including the very N-terminal fragment of RCC1 and its mutant peptides. We deduced the molecular mechanism of NTMT1-mediated α-N-methylation on its physiological substrate, RCC1, based on data obtained from structure-based mutagenesis as well as enzymatic characterizations.
Results and Discussion
Overall structure of the NTMT1 ternary complexes NTMT1 is an α-N-terminal methyltransferase, highly conserved from yeast to humans ( Fig. 1 ; Webb et al. 2010 ). So far, all known substrates of NTMT1 contain the N-terminal consensus sequence XPK (X = S/P/A/G) ( Fig. 2A) , although NTMT1 can also methylate peptides with X being F, Y, C, M, K, R, N, Q, or H in vitro (Petkowski et al. 2012) . In order to understand the substrate specificity of NTMT1, we determined the crystal structures of the full-length human NTMT1 in complex with its cofactor (SAH) and a peptide derived from either human (sequence: SPKRIA) or mouse (sequence: PPKRIA) RCC1. Furthermore, we also generated crystals of NTMT1 in complex with SAH and either the RPK or YPK peptide, which can be efficiently methylated by NTMT1 in vitro (Tooley et al. 2010) . These crystal structures reveal that the human NTMT1 folds as a single domain (Fig. 2B) , and the root mean square deviation (RMSD) values between these structures and the NTMT1-SAH binary structure (Protein Data Bank [PDB]: 2EX4) range from 0.2 to 0.4 Å for the Cα atoms of NTMT1. The crystal diffraction data and refinement statistics for all of these structures are shown in Supplemental Table S1 .
NTMT1 includes a typical methyltransferase Rossmann fold that consists of a seven-strand β sheet and five α helixes, of which two α helixes (α6 and α7) pack on one side of the β sheet, and the other three α helixes (α3, α4, and α5) pack on the other side of the β sheet (Fig. 2B) . In addition to the highly conserved Rossmann fold, NTMT1 contains two unique structural elements distinct from other methyltransferases: a β hairpin inserted between strand β5 and helix α7 and an N-terminal extension consisting of two α helixes (α1 and α2) and one 3 10 helix (η1) (Figs. 1, 2B ). These two unique structural elements are extensively involved in substrate binding ( Fig. 2B ; Supplemental Fig. S1 ), suggesting their potential contributions to substrate specificity.
SAH is bound to NTMT1 in an extended conformation ( Fig. 2C ), similar to SAH binding in other Rossmann fold methyltransferases such as arginine methyltransferases and DOT1 lysine methyltransferase (Min et al. 2003; Sawada et al. 2004 ). Likewise, NTMT1 uses a conserved DxGxGxG motif to surround the ribosyl and methionyl moieties of SAH. Furthermore, the carboxylate moiety of SAH forms a salt bridge interaction with the highly conserved Arg74, and the ribosyl group stacks with the indole ring of Trp20. In addition, the adenine moiety of SAH is flanked by the hydrophobic side chains of Ile92 and Val137 and interacts with the main chain amide group of Leu119 and the side chain of Gln120 through hydrogen bonding (Fig. 2C ).
Structural basis for the specific N-terminal methylation of a consensus motif, XPK, by NTMT1
Since hexapeptides composed of the first six residues of RCC1 are recognized by NTMT1 for α-N-terminal methylation in a fashion similar that of to longer peptides , we used the RCC1-based hexapeptides for crystallization and resolved all of their residues in our complex structures. Our structural data reveal that all of the peptides bind in a similar mode to an extensively negatively charged channel of NTMT1, comprised of highly conserved residues among different species ( Fig. 3A,B ; Supplemental Fig. S2A ). Furthermore, this negatively charged channel is connected to the cofactor SAH-binding pocket. Moreover, the substrate peptide is inserted into this channel with the α-N-amino group of the substrate pointing toward the putative methyl group of SAM to accept the methyl transfer. Interestingly, the cofactor SAH/SAM is completely buried inside the NTMT1 ternary complex. These unique features of NTMT1 are in striking contrast to lysine/arginine methyltransferases, such as PRMT5, in which a substrate-binding groove is formed on the surface of these enzymes, and the target histone arginine H4R3 is inserted into a narrow channel to reach the SAM-binding pocket ( Fig. 3C ; Antonysamy et al. 2012) . Therefore, our crystal structures of these NTMT1 ternary complexes described above explain the specificity of NTMT1 in catalyzing α-N-terminal methylation.
In the NTMT1-SAH-hRCC1 (SPKRIA) complex, the carbonyl oxygen of the first residue serine (S1) of hRCC1 forms a main chain hydrogen bond with the side chain carboxamide of Asn168 ( Fig. 2D; Supplemental Fig. S1 ). This hydrogen bond is conserved in other peptide complex structures (Supplemental Figs. S2, S3) , accompanied by the conservation of this Asn168 residue of NTMT1 in other species (Fig. 1A) . Given that mutations of Asn168 to Lys or Ala were proposed to cause steric clashes or disrupt the hydrogen bond (Tooley et al. 2010 ), we used site-directed mutagenesis to change the Asn168 residue of NTMT1 to Lys. As expected, the N168K mutant of NTMT1 exhibited ∼36-fold reduction in K m value as well as about twofold reduction in K cat value compared with those of wildtype NTMT1 (Table 1) , highlighting the importance of this hydrogen bond in the interaction of NTMT1 with the peptide substrate.
On the other hand, the side chain of S1 is also able to form a hydrogen bond with the main chain of Met30, but this interaction is not conserved in other complex structures. Interestingly, our structures reveal a spacious binding pocket for the side chain of S1 (Fig. 3A) , providing an explanation for the observed tolerance of NTMT1 to a variety of residue types at the first position ( Fig. 2A ; Table 2 ; Tooley et al. 2010; Webb et al. 2010) . Tooley et al. (2010) previously reported that the first residue of the substrates could be replaced by other residues types, including the positively charged residue R and the bulky residue Y but not the negatively charged residues D/E or hydrophobic residues L/I/W (Tooley et al. 2010 ). (Baker et al. 2001) and PyMOL were used for coordinate processing, charge calculation, and visualization, respectively. (B) Conservation analysis of NTMT1 using the Web server ConSurf (Ashkenazy et al. 2010) . The conservation scores are mapped to the molecular surface of NTMT1. The highly conserved residues are colored in red, and the most variable residues are colored in cyan. The cofactor SAH and substrate RCC1 are shown in green and yellow sticks, respectively. (C) The catalytic pocket of PRMT5. PRMT5 (PDB: 4GQB) (Antonysamy et al. 2012 ) is shown in electrostatic surface representation, and the cofactor SAM analog A9145C and the histone H4R3 peptide are shown as green and yellow sticks, respectively. (D) Catalytic mechanism for the α-N-terminal methylation. The methyl group of SAM was computationally modeled in the active site and is shown in salmon ball and stick. For clarity, only the first three residues of substrates are displayed. Putative catalytic water molecules are shown as red spheres and labeled W1 and W2. In the crystallographic models, corresponding positions are occupied by glycerol, other cosolutes, or water. Accordingly, our structures show that the S1-binding pocket is large enough to accommodate the aromatic residue Y in the NTMT1-SAH-YPK structure (Supplemental Fig. S2A,C) , which is further confirmed by our binding and enzymatic data (Table 2 ; Supplemental Figs. S4, S5). Our kinetic and binding results also indicated that R could be recognized and methylated by NTMT1 ( Table 2 ). The negative charge inside the substrate-binding channel provides an intrinsic barrier for the S1 pocket against either the negatively charged residues D/E or hydrophobic residues L/I/W. We failed to detect any activity of NTMT1 to DPKRIA (Table 2) . Although NTMT1 could still bind to WPKRIA and LPKRIA, their binding and enzymatic activities were much weaker (Table 2) . Interestingly, we found that the isothermal titration calorimetry (ITC) curves for some peptides exhibit apparent bimodal binding. It was revealed by further characterization with mass spectrometry experiments and ITC assays that NTMT1 purified from Escherichia coli contains endogenous methyl donor SAM, which could methylate the substrate peptides during ITC experiments even without adding SAM (Supplemental Figs. S5, S6 ). It has been well documented that some methytransferases could copurify with endogenous SAM, such as in the case of Dot1L (Min et al. 2003) ; therefore, one possible explanation is that the bimodal ITC binding curves arise from a mixture of the peptide substrate and the corresponding methylated products, both of which could bind to NTMT1 with respective affinities. The PPK peptide is the most optimal substrate that can be efficiently methylated by NTMT1, which therefore has the most obvious bimodal binding curve. Taken together, the first residue within the consensus sequence of the NTMT1 substrates is anchored through a hydrogen bond with the conserved Asn168 of NTMT1 in a spacious binding pocket, which exposes the substrate's reactive α-amino group to the putative methyl donor SAM in the complex structures, and this very N-terminal residue can tolerate most residue substitutions except the negatively charged residues D and E.
The second residue (P2) of hRCC1 is accommodated in a pocket formed by a few hydrophobic residues of NTMT1, such as Leu31, Ile37, and Ile214 (Fig. 2D) . Interestingly, the P2 residue also forms a stacking interaction with the indole of Trp136, reminiscent of the proline-rich sequence binding to the WW and SH3 domains ( Fig. 2D ; Macias et al. 2002) . When we substituted Trp136 with either Phe or Ile, the enzymatic activities of these mutants were either significantly diminished or undetectable (Table 1 ). Our enzymatic studies also indicate that the peptides with the second residue mutated to either Q, I, E, or S could not be methylated and were incapable of binding to NTMT1 ( Table 2) . The above results also support the previously reported finding that P2 cannot tolerate any substitutions (Webb et al. 2010) .
The third residue (K3) of hRCC1 forms two key hydrogen bonds with side chains of Asp177 and Asp180 of NTMT1 (Fig. 2D) . When we mutated these two residues, D180A/K did not exhibit any detectable binding, and D177A displayed reduced binding affinity in our ITC experiments (Table 1 ; Supplemental Fig. S7 ), which further confirm the importance of these hydrogen bonds and are in concordance with previous mutation studies ( Petkowski et al. 2012) . It has also been reported that the residue in the third position does not tolerate substitution to other residues except arginine (Tooley et al. 2010) . Based on our complex structures, substitution of the lysine with Table 2 . Effect of substrate residue substitution on enzymatic activity and binding affinity of NTMT1
RCC1-6-1S SPKRIA 7.9 µM ± 0.7 µM 0.07 min −1 ± 0.001 min any other residues except arginine would disrupt these two hydrogen bonds. Consistently, all known physiologically α-N-terminally methylated proteins contain the XPK motif except the human centromeric H3 variant CENP-A, which harbors an XPR motif. The fourth residue of hRCC1 is located adjacent to the entrance of the negatively charged substrate-binding channel (Fig. 3A) . Either an arginine or a lysine residue is present at this position in most known substrates of NTMT1 ( Fig. 2A) , presumably because a positively charged residue would be favored in this negatively charged environment, although the arginine residue does not appear to form strong salt bridge interactions with NTMT1 in our crystal structures. The fifth and sixth residues, such as I5 and A6 in our case, only form some main chain hydrogen bonds with NTMT1, which explains the observed diversity of residue types at these positions ( Fig. 2A) .
Catalytic mechanism
The structure of the catalytic pocket of NTMT1 suggests an S N 2 mechanism for the α-amino methylation (Coward and Sweet 1971) , as the methyl-accepting nitrogen of S1 or P1 and the putative methyl group would come within a proximity of ∼4 Å ( Fig. 3D; Supplemental Fig. S8 ). This result is in agreement with our previous work showing that NTMT1 catalyzes methylation via a random-ordered Bi-Bi mechanism, which involves the formation of a ternary complex of both substrates bound to the NTMT1, with either substrate binding first to NTMT1 . In addition, the distance between the sulfonium ion and the α-nitrogen atom of the substrate is ∼4.7 Å in our ternary complexes, which is longer than the distance of 3.6 Å reported in a previous docking study (Tooley et al. 2010 ). This longer distance may support the feasibility of using a triazole group to produce a potent and selective NTMT1 inhibitor with a K i of 203 nM via click chemistry . Our structures show that the cofactor product SAH is buried deeply in the SAM-binding site, participating in hydrogen-bonding networks and hydrophobic interactions (Fig. 3A) . That might also explain why SAH is a much more potent inhibitor (IC 50 = 3.3 µM) for NTMT1 than me3-RCC1-6 (IC 50 > 25 µM), as determined in previous studies . Two highly conserved residues, Asp180 and His140, are present near the α-amino group (Figs. 1, 3D ) and could mediate methyl transfer via one or more water molecules. Mechanistically, Asp180 and His140 can act as bases to facilitate deprotonation of the target α-N-terminal amino group. Specifically, the Nπ atom of His140, anchored by the carbonyl oxygen atom of Ser181, would ensure a favorable orientation for Nτ to accept a hydrogen bond from a water molecule, which in turn could deprotonate the substrate ammonium group (Fig. 3D) . The deprotonated amino group could then attack the methyl group of SAM. In line with the catalytic mechanism proposed above, our enzymatic data show that both the D180K and H140K mutants of NTMT1 are incapable of catalyzing methylation (Table 1) .
To provide further insights into the catalytic mechanism of NTMT1, our complex structures with me1-SPKRIA and me1-PPKRIA indicate that monomethylated substrate peptides have essentially the same orientation as unmethylated substrate peptides (Supplemental Fig. S3 ), suggesting that NTMT1 does not have a significant preference in binding nonmethylated or monomethylated substrates. These results are consistent with the observation that NTMT1-mediated methylation proceeds in a distributive mechanism with comparable catalytic efficiencies for both nonmethylated and monomethylated peptide substrates, as reported previously .
In summary, we propose that NTMT1-mediated methylation of the α-amino group of its physiological substrates occurs through a S N 2 reaction mechanism. In particular, the highly conserved Asp180 and His140 of NTMT1 that are located in close proximity to the α-amino group of the substrate would act as general bases to facilitate the deprotonation of the α-amino group and then mediate the methyl transfer from SAM. This study of NTMT1 in complex with its cofactor (SAH) and physiological substrate (RCC1) provides a structural foundation on which the field of α-N methylation can expand. Given that retinoblastoma protein RB1 and SET (Tooley et al. 2010) , DDB2 (Cai et al. 2014) , centromere H3 variants CENP-A/B (Bailey et al. 2013; Dai et al. 2015) , Drosophila H2B (Villar-Garea et al. 2012) , and poly(ADP-ribose) polymerase 3 (Dai et al. 2015) have been recently reported to be modified through α-N-terminal methylation and that there exists potentially >300 putative substrates harboring the NTMT1/2's consensus sequence (Tooley and Schaner Tooley 2014) , the biological functions of α-Nterminal methylation are likely pleiotropic and may not be limited to only the modulation of DNA-binding abilities of the modified proteins. Thus, our proposed model of the recognition of a consensus XPK substrate motif by NTMT1 may shed light on the understanding of NTMT1's substrate specificity and catalytic mechanism in general. While the participation of α-N-terminal methylation in the DDR network and cancer development begins to unfold, our structural analysis of NTMT1 in complex with its cofactor and physiological substrate provides valuable information to promote the elucidation of roles of α-N-terminal methylation in human physiology and pathogenesis as well as potentially aid the development of therapeutic agents against human diseases associated with deregulated α-N-terminal methylation.
Materials and methods

Protein expression and purification
The gene of human NTMT1 (2-223) was amplified and cloned into a modified pET28a-LIC vector to express NTMT1 with a 6xHis tag and a thrombin cleavage site at the N terminus. The recombinant NTMT1 plasmid was transformed into an E. coli BL21 (DE3) codon plus RIL strain for induced expression with 0.2 mM IPTG overnight at 16°C. NTMT1 was purified by Ni 2+ affinity and anion exchange chromatography followed by further purification through Superdex 200 10/300 (GE Healthcare). The buffer for gel filtration contained 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.5 mM TECP. The peak fractions were collected and concentrated to 37 mg/mL for crystallization assay. The mutant proteins were purified using the same procedure as described above.
Crystallization and structure determination
To crystallize the complex, NTMT1 was first incubated with substrate peptides at a molar ratio of 1:1.5 for 1 h on ice, and the crystals were grown at 277K using the sitting drop vapor diffusion method by mixing 1 µL of complex solution with 1 µL of reservoir consisting of 23%-28% PET3350 and 14%-18% Tacsimate (pH 6.0). The crystals were flash-frozen in liquid nitrogen after soaking in cryo-protectant solutions containing the reservoir solution supplemented with 20% (v/v) glycerol.
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